Von Willebrand factor (VWF) is unable to interact spontaneously with platelets, since this interaction requires a conversion of the VWF A1 domain into a Glycoprotein Ibα (GpIbα)binding conformation. Here, we discuss a llama-derived antibody fragment (AU/VWFa-11) that specifically recognizes the GpIbα-binding conformation. AU/VWFa-11 is unable to bind VWF in solution, but efficiently interacts with ristocetin-or botrocetin-activated VWF, VWF comprising type 2B mutation R1306Q, or immobilized VWF. These unique properties allowed us to use AU/VWFa-11 for the detection of activated VWF in plasma of patients characterized by spontaneous VWF-platelet interactions: Von Willebrand disease (VWD) type 2B and thrombotic thrombocytopenic purpura (TTP). For VWD type 2B, levels of activated VWF were increased 12-fold (p<0.001) compared to healthy volunteers. An inverse correlation between activated VWF levels and platelet count was observed (R 2 =0.74, p<0.003). With regard to TTP, a 2-fold (p<0.001) increase in activated VWF levels was found in plasma of patients with acquired TTP, while a 8-fold increase (p<0.003) was found in congenital TTP. No overlap in levels of activated VWF could be detected between acquired and congenital TTP, suggesting that AU/VWFa-11 could be used to distinguish between both disorders. Furthermore, it could provide a tool to investigate the role of VWF in the development of thrombocytopenia in various diseases.
Introduction
Adhesion of platelets to the injured vessel wall is a multistep process, involving several components, including von Willebrand Factor (VWF). VWF is an adhesive glycoprotein that circulates in plasma as an array of multimeric subunits. 1 This multimeric structure allows VWF to function as a molecular bridge between the subendothelial matrix and the platelet-surface Glycoprotein (Gp) Ib/IX/V receptor-complex. Complex formation between VWF and the GpIb/IX/V receptor is of particular importance for the tethering of platelets on vascular surfaces exposed to rapidly flowing blood. 2 The interaction between VWF and the GpIb/IX/V complex is mediated by specific regions of both components: VWF residues 1238-1481 (the so-called A1 domain) comprises an interactive site for residues 1-290 of GpIbα. 3 Although the structure of this complex has been solved at the atomic level 4 , some issues regarding this interaction have remained unclear. For instance, despite the notion that VWF and GpIbα coexist in the circulation, their interaction does not occur under normal conditions. In contrast, the isolated recombinant A1 domain does display spontaneous binding to GpIbα. Apparently, a shift from a non-binding to a binding mode of the VWF A1 domain in its multimeric environment is required to induce complex formation. 4 However, the molecular basis of this activation-step is largely unknown.
Activation of the A1 domain can be induced by several means. Non-physiological activation of the A1 domain occurs through direct immobilization of purified VWF onto artificial surfaces, such as glass or plastic. In vitro activation of VWF is also achieved by the addition of modulators, such as the snake-venom component botrocetin or the antibiotic ristocetin. 5, 6 Furthermore, physiological activation of VWF is induced upon its binding to the subendothelial matrix component collagen, or under conditions of very high shear stress. 7 Also various pathological conditions may lead to premature complex formation between VWF and platelet GpIbα. Some gain-of-function mutations in the VWF A1 domain may increase the affinity for GpIbα. Such mutations are associated with von Willebrand disease type 2B, the patients of which are characterized by loss of high For personal use only. on August 31, 2017. by guest www.bloodjournal.org From molecular weight multimers from plasma, increased ristocetin-induced platelet aggregation, a prolonged bleeding time and thrombocytopenia. 8, 9 Another condition that has been reported to allow spontaneous platelet adhesion relates to the size of multimeric VWF. Multimeric VWF is stored in Weibel-Palade bodies in endothelial cells, and released upon stimulation. [10] [11] [12] The newly released VWF is enriched in ultra-large (UL)-VWF multimers, which have the potential to bind platelets in the absence of any modulators or high shear stress. 13 Direct release of the UL-VWF molecules in the circulation is prevented by proteolysis of these multimers at the endothelial surface. 14 This process is mediated by the recently identified protease ADAMTS-13, which cleaves mature VWF between residues Met1605 and Tyr1606. 15, 16 Once cleaved by ADAMTS-13, the residual multimers have lost the ability to bind platelets spontaneously. The importance of ADAMTS-13 activity is illustrated by the life-threatening disease Thrombotic Thrombocytopenic Purpura (TTP), in which ADAMTS-13 activity is low or absent. ADAMTS-13 deficiency is caused by inhibiting antibodies (acquired TTP) 17 , or by mutations in the gene encoding ADAMTS-13 (congenital TTP) 18, 19 . In the absence of ADAMTS-13 activity, an excess of UL-VWF multimers is released into the circulation, which leads to spontaneous platelet binding and subsequent thrombus formation in the microvasculature. 20 This causes haemolytic anemia, renal failure, neurological deficits, fever and, if not treated well, coma and death. 21 Although VWD type 2B and TTP are associated with different phenotypic appearances, they have in common that at least part of the circulating VWF multimers should exist in an active conformation. The presence of activated VWF can be determined indirectly by measuring ristocetin-dependent platelet aggregation. However, this method is rather insensitive and is difficult to use when VWF antigen levels are low. In the present paper we describe a recombinant llama-derived antibody fragment that recognizes immobilized VWF but not VWF in solution, suggesting that this antibody fragment recognizes an epitope within the VWF A1 domain that becomes exposed upon activation of VWF. This antibody fragment was subsequently used to monitor the presence of activated VWF in plasma samples of VWD type 2B and TTP patients. The analysis revealed that in the For personal use only. on August 31, 2017. by guest www.bloodjournal.org From circulation of both patient groups the levels of activated VWF are elevated 2-12 fold compared to normal individuals.
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Materials and Methods
Proteins and antibodies. Recombinant GpIbα (residues 1-290) was expressed and purified as described. 4 Botrocetin was purchased from Kordia laboratory supplies (Leiden, The Netherlands). Plasma derived (pd)-VWF was purified from cryoprecipitate (Haemate P 250 IE, Behringwerke AG, Marburg, Germany) as described. 22 Bovine serum albumin and human placental collagen type III were from Sigma and human albumin (Fraction V) was from MP Biochemicals (Irvine, CA USA). Polyclonal antibodies against VWF and HRPconjugated antibodies against VWF and HRP-conjugated rabbit-anti-mouse antibody were obtained from Dakocytomation (Glostrup, Denmark).
Construction and expression of recombinant proteins. Construction of expression vector
pNUT encoding wt-VWF and VWF with VWD type 2B mutation R1306Q was described previously. 23,24 VWF/A1(1261-1468) and VWF/A1(1261-1468)-R1306Q were cloned into expression vector pPIC9 and overexpressed in Pichia Pastoris. 4 pNUT-VWF/A1(1238-1481) was constructed by generating a PCR product with forward primer 5'-GGATCCCAGGAGCCGGGAGGCCTGG TGG-3' and reverse primer 5'-GCGGCCGCCCCCGGGCCCACAGTGACTTG-3', for which pNUT-VWF served as template.
After sequence analysis, the BamHI-NotI fragment was ligated into a BamHI-NotI digested pNUT vector containing a C-terminal 6-histidine tag. Wt-VWF, VWF/R1306Q and VWF/A1(1238-1481) were stably expressed in baby hamster kidney-cells, that also overexpress furin for proper removal of the propeptide. 23 The full-length proteins were purified from conditioned serum-free medium as described. 25 VWF/A1(1238-1481) was purified from expression medium using Ni 2+ /NTA chromatography. 4 VWF/A1(1261-1468) and VWF/A1(1261-1468)-R1306Q were purified on heparin-sepharose, followed by gel filtration. 4 Analysis on SDS-polyacrylamide gel electrophoresis showed that all recombinant proteins were purified to homogeneity. The multimeric structure of wt-VWF and VWF/R1306Q was analysed using 0.1% SDS, 1% agarose gel electrophoresis as described previously. 26 For personal use only. on August 31, 2017. by guest www.bloodjournal.org From
Production and selection of recombinant llama antibody fragments (nanobodies) via
phage-display technology. Llama antibodies were raised by immunization with a wt-VWF preparation containing high molecular weight multimers using standard immunization protocols. Total RNA was isolated from peripheral blood lymphocytes, and used as a template for the preparation of cDNA in order to amplify the repertoire of variable domains of the antibody heavy chains. 27 This repertoire was then subcloned to allow selection of nanobodies via phage-display. 27 For the selection of the nanobodies, the wells of a maxisorp-microtiter plate (NUNC, Denmark) were coated with 5 µg/ml VWF/A1(1238-1481) in 50 mM NaHCO3 (pH 9.6, overnight at 4°C). After washing and blocking (PBS/1 % casein), wells were incubated with phages for 2 h at room temperature. Wells were then washed extensively with PBS, and bound phages were eluted with 0.2 M glycin (pH 2.4, 20 min at room temperature). The eluted phages were added to exponentially growing E. coli TG1-cells, which were then plated onto LBampicilin. In the second round of selection, phages were resuspended in the presence of 10 µg/ml wt-VWF before incubation in VWF/A1(1238-1481)-coated wells. This selection strategy was chosen to isolate nanobodies that specifically recognize A1 domain in its GpIbα-binding conformation and not A1 domain in its resting conformation. After washing the wells 7 times for 30 min in the presence of 10 µg/ml wt-VWF, bound phages were eluted and used for transduction of TG1 cells to isolate single clones after plating on LBampicilin. Subsequently, single colonies were picked for re-infection of TG1-cells and expression of phage gen3-nanobody fusion proteins was induced upon the addition of 1 mM isopropyl-1-thio-β-D-galactopyranoside. Periplasmic proteins were extracted as described 28 and analyzed for binding to immobilized VWF/A1(1238-1481). DNA of positive clones was then analyzed via HinfI digestion and those with appropriate inserts were used for transformation to the non-suppressor E. coli WK-6 strain 27 , which allows the expression of nanobodies in the absence of the phage gen3-protein. Periplasmic samples were prepared as described 27 and nanobodies were purified to homogeneity using Ni2+/NTA resin. The control nanobody used in the present study was obtained after immunization with and selection using the isolated recombinant VWF A1 domain. For personal use only. on August 31, 2017. by guest www.bloodjournal.org From Binding of AU/VWFa-11 and GpIbα to VWF/R1306Q in immunosorbant assay. Microtiter wells (Costar, Cambridge MA, USA) were coated overnight at 4°C with 5 µg/ml AU/VWFa-11 and blocked with PBS/3% BSA/0.1% Tween-20 (30 min at 37°C). After washing with PBS/0.1% Tween-20, wells were incubated with 3.7 nM VWF/R1306Q (1 h at 37°C).
Wells were washed and incubated 1 h at 37°C with GpIbα ( 0.12 -31.1 nM). After washing 3 times, wells were incubated with a monoclonal anti-GpIbα antibody and binding was detected with an HRP-conjugated rabbit-anti-mouse antibody. Platelet adhesion to Collagen type III and VWF. Perfusions over collagen type III were carried out with whole blood, drawn from healthy volunteers who denied ingestion of aspirin or other nonsteroidal anti-inflammatory drugs for the preceding 10 days, into 0.1 volume of 50 µg/ml PPACK (H-D-Phe-Pro-Arg-Chloromethylketone, Bachem, Torrence, CA USA) and 20 U/ml Pentasaccharide. Thermanox coverslips (NUNC, Denmark) were coated with collagen type III 30 and whole blood was perfused over the coverslips for 5 min at 1600 s -1 . Perfusions over VWF coated coverslips was performed with reconstituted blood. To obtain reconstituted blood, platelets were mixed with red cells to a platelet For personal use only. on August 31, 2017. by guest www.bloodjournal.org From count of 200.000 platelets/µL and a hematocrit of 40%. 30 Perfusion was performed at a shear rate of 1600 s -1 . After perfusion, slides were washed, fixed and stained 30 and platelet adhesion was evaluated using computer assisted analysis with OPTIMAS 6.0 software (Dutch vision systems, Breda, The Netherlands). All perfusions were performed 3 times.
Static adhesion of CHO-cells expressing the
Patient materials. Plasma samples of healthy donors (n=9), patients with VWD type 2B (n=10) and patients with acquired (n=12) or congenital TTP (n=5) were collected in 3.1% citrate using a vacutainer system. VWD type 2B was diagnosed in families with the typical pattern of an autosomal inherited bleeding disorder with thrombocytopenia, low ristocetin-induced platelet aggregation and the absence of high multimeric VWF multimers on gel electrophoresis. The mutations in VWF of these patients have not been determined. Patients with acquired thrombotic thrombocytopenic purpura were characterized by thrombocytopenia, Coombs negative hemolytic anemia and the presence of fragmented erythrocytes in peripheral blood. Other causes for hemolytic anemia and thrombocytopenia were excluded and all TTP patients were treated with plasma exchange. Response to plasma exchange was observed in all patients. Plasma samples were taken before treatment and ADAMTS-13 activity was found to be absent in these samples. Five patients with a congenital form of TTP and a severe deficiency of ADAMTS-13 activity were described previously. 31 Platelet poor plasma was aliquoted and frozen at -80°C. For normal pool plasma (NPP) platelet poor plasma of 40 healthy donors was pooled and was stored in aliquots at -80°C. All patients gave informed consent for the sampling of blood for scientific purposes, according to the Declaration of Helsinki.
Approval was obtained from the institutional review boards of the University Medical
Center Utrecht (Utrecht the Netherlands) and the Robert Debre hospital ( Paris, France) for these studies.
Immunosorbent assay for activated VWF. VWF antigen levels were quantified as described before. 26 Microtiter wells (Maxisorb, NUNC, Denmark) were coated overnight at
For personal use only. on August 31, 2017. by guest www.bloodjournal.org From 4°C with 5 µg/ml AU/VWFa-11 in 50mM NaHCO 3 (pH 9.6) and blocked with PBS/3% BSA/0.1% Tween-20 for 30 min at 37°C. Wells were washed 3 times with PBS/0.1% Tween-20 and incubated with culture medium containing wt-VWF or VWF-R1306Q in the absence or presence of ristocetin (0.08 -1 mg/ml) or botrocetin (0.2 U/ml), or plasma samples (1 h 37°C). All samples were diluted in PBS to reach a VWF concentration between 0.23 and 1.85 nM. After washing three times with PBS/0.1% Tween-20, plates were incubated with HRP-conjugated polyclonal anti-VWF (1.3 µg/ml) in PBS for 1 h at 37°C. Plates were washed 3 times and binding was detected by measuring the HRPactivity using o-phenylenediamine as a substrate (Merck, Germany). NPP was used as standard in every assay. The ratio between the slope for the different plasma samples over the slope for NPP was designated activation factor. All patient plasmas have been measured in at least two individual experiments.
Variation of the AU/VWFa-11 immunosorbent assay. To determine the intra-experiment variation of the AU/VWFa-11 immunosorbent assay, 10 randomly chosen wells of a AU/VWFa-11 coated microtiter plate were incubated with one sample (normal individual nr. 7). Moreover, sample nr. 7 was measured in 10 different experiments to determine the inter-experiment variation. NPP was used as standard and the activation factor was calculated. The intra-experiment variation was 7.1% and the variation between different experiments was 13.7%.
For personal use only. on August 31, 2017. by guest www.bloodjournal.org From Data analysis and statistics. Analysis of data obtained from SPR-analysis and immunosorbant assays was performed using the GraphPad Prism program (GraphPad Prism version 4.0 for Windows, GraphPad Software, San Diego, CA). All data were expressed as mean with standard deviation. An unpaired t-test with Welch correction was performed to compare the mean levels of activated VWF between the different patient groups. For comparison of three groups one-way ANOVA was performed followed by Bonferroni correction for the calculation of differences between each group separately. A p<0.05 was considered significant.
Results
Nanobody AU/VWFa-11 specifically recognizes the active conformation of VWF.
In order to obtain antibodies that predominantly recognize activated but not native VWF, a llama was immunized with purified VWF preparations that contained UL-VWF (multimer size exceeding 20 subunits). Subsequently, the antibody repertoire of the animal was cloned, and nanobodies were selected for their ability to bind to immobilized VWF A1 domain in the presence of soluble full-length VWF. Of the nanobodies that were obtained, one was selected for further analysis, AU/VWFa-11. Throughout the study, a nanobody obtained after immunization with the isolated A1 domain was used as control nanobody.
Nanobody AU/VWFa-11 was examined for its ability to distinguish between native VWF and activated VWF. To this end, purified recombinant wt-VWF was immobilized in microtiter wells. This procedure leads to conformational changes in the molecule, allowing the binding of nanobodies that are specific for activated VWF. As expected, both biotinylated nanobodies bound to immobilized VWF in a dose-dependent and saturable manner. Half maximum binding was obtained at 62.5 nM for the control nanobody, or at 1.9 nM for AU/VWFa-11 ( Fig. 1A/B ). These concentrations were used in a competition assay, in which binding of the nanobodies was studied in the presence of different concentrations of soluble wt-VWF, wt-VWF preincubated with ristocetin, VWF/R1306Q or For personal use only. on August 31, 2017. by guest www.bloodjournal.org From VWF/A1(1261-1468). The presence of these competitors considerably reduced binding of biotinylated control nanobody (Fig. 1C ). Ristocetin-activated VWF, VWF/R1306Q and VWF/A1(1261-1468)-R1306Q interfered with binding of biotinylated AU/VWFa-11 ( Fig.   1D ). In contrast, binding of AU/VWFa-11 remained unaffected in the presence of a 20fold molar excess of wt-VWF. Apparently, AU/VWFa-11 has the potential to selectively recognize VWF that is, at least in part, in an activated conformation.
Interaction between AU/VWFa-11 and VWF A1 domain
The interaction between nanobody AU/VWFa-11 and the A1 domain of VWF was investigated in more detail. Binding of AU/VWFa-11 to three different variants of the A1 domain was compared in a quantitative manner using SPR-analysis. VWF/A1(1261-1468), VWF/A1(1238-1481) (which comprises longer flanking regions of the A1 domain than VWF/A1(1261-1468) and VWF/A1(1261-1468)-R1306Q (containing the type 2B mutation Arg1306 to Gln) were perfused over immobilized AU/VWFa-11 (0.06 pmol/mm 2 ) at a flow rate of 20 µl/min until equilibrium was reached. Binding isotherms using the response at equilibrium were used to calculate the affinity constant (K D ) (Fig.   2 ). This analysis revealed an apparent K D for VWF/A1(1238-1481) of 1704 nM. Removal of the flanking peptides of the A1 domain resulted in a higher affinity for AU/VWFa-11 (K D = 81 nM). Moreover, VWF/A1(1261-1468)-R1306Q was bound even more efficiently with an apparent K D of 44 nM. These results suggest that exposure of the epitope of nanobody AU/VWFa-11 indeed relies on conformational changes within the A1 domain.
GpIbα and AU/VWFa-11 bind different regions within the A1 domain
The conformation induced by ristocetin, immobilization of VWF, or a VWD type 2B mutation, promotes binding to GpIbα and this conformation is also specifically recognized by AU/VWFa-11. Therefore, the possibility was considered that AU/VWFa-11 and GpIbα bind to similar regions in the A1 domain. This was first tested in an immunosorbent assay in which binding of GpIbα to nanobody-bound VWF/R1306Q was studied. Immobilization of VWF/R1306Q via the control nanobody interfered with binding of GpIbα. In contrast,
For personal use only. on August 31, 2017. by guest www.bloodjournal.org From GpIbα was able to bind to AU/VWFa-11-bound VWF/R1306Q in a dose dependent manner ( Fig. 3A) , suggesting that the binding site for AU/VWFa-11 is distinct form the binding site for GpIbα. This was confirmed in a static adhesion assay. Binding of CHO-cells expressing the GpIb-IX-V complex to immobilized VWF remained unaffected even in the presence of an excess of AU/VWFa-11 (Fig. 3B ).
Since the effect of both nanobodies on the binding of VWF to GpIbα may be different under flow conditions, we further examined their effect in a perfusion assay. Human whole blood was perfused over a collagen type III surface at high shear (1600 s -1 ). Under these conditions, platelet adhesion is fully dependent on the interaction between VWF and GpIbα. 32 In the absence of nanobodies, these conditions resulted in a platelet coverage of 67.8 ± 8.3% (n=3) (Fig. 4A) . The presence of the control nanobody was associated with a decreased platelet coverage (49.8 ± 4.5% and 24.9 ± 3.1% in the presence of 31.3 and 125 nM nanobody, respectively) ( Fig. 4B) . In contrast, even in the presence of 625 nM nanobody AU/VWFa-11, platelet coverage was still similar to that in its absence (73.3 ± 4.4%, Fig. 4C ). Moreover, platelet adhesion to a VWF-surface remained unaffected in the presence of AU/VWFa-11 ( Fig. 4D/E ). These data are compatible with the view that GpIbα and nanobody AU/VWFa-11 bind to different regions of the A1 domain.
Immunosorbent assay for detection of activated VWF in solution
Although GpIbα and nanobody AU/VWFa-11 bind to distinct sites within VWF, both have in common that they only recognize VWF in its activated form, which is for instance induced by immobilization, ristocetin or VWD type 2B mutations. This unique feature allowed us to use this nanobody for the detection of activated VWF in solution. As a first example, the binding of recombinant wt-VWF and recombinant VWF/R1306Q to immobilized nanobody AU/VWFa-11 was compared. Therefore, this particular nanobody was immobilized in microtiter wells, and incubated with various concentrations (0-3.7 nM) of wt-VWF and VWF/R1306Q in the absence and presence of ristocetin or botrocetin.
The amount of bound VWF was subsequently monitored using HRP-conjugated polyclonal
For personal use only. on August 31, 2017. by guest www.bloodjournal.org From antibodies against VWF. With regard to wt-VWF, some binding could be observed, but absorbance values remained below 0.3 (Fig. 5A ). The addition of ristocetin or botrocetin resulted in a strong increase in binding, represented by a 6-fold increase in absorbance (up to 1.85). We quantified this difference by calculating the respective slopes of the initial, linear parts of the curve. This revealed that the slope for VWF/ristocetin was increased 2.7 fold compared to wt-VWF alone. A similar increase in slope compared to wt-VWF could be observed for VWF/R1306Q in the absence of ristocetin (Fig. 5A, inset) .
Moreover, this increase was not further enhanced in the presence of ristocetin. Since activation of VWF with 1 mg/ml ristocetin can induce non-specific interactions, such as flocculation of VWf, wt-VWF was incubated with various concentrations of ristocetin. This revealed that maximal binding to AU/VWFa-11 was already reached at low ristocetin concentrations (250 µg/ml) ( Fig. 5B ). Taken together, this assay provides a useful tool to detect circulating VWF containing an A1 domain in active conformation.
Detection of activated VWF in patient plasma
Since nanobody AU/VWFa-11 was particularly efficient in the detection of active VWF in solution, we tested whether this nanobody could be used for the detection of active VWF in plasma of patients. First, we analyzed the plasma of patients previously defined as type 2B, as well as a group of normal individuals. As a reference, NPP was used (see materials and methods). The absorbance values obtained for NPP remained low (Fig. 6A ), and the slope was set to be 1. Also for each of the normal individuals, only low absorbance values were detected, suggesting low amounts of active VWF in their plasma.
A typical example of the slopes found for VWF type 2B patients is presented in figure 6A .
The mean slope compared to NPP was 0.70±0.13 (n=9) (Fig. 6B) . In contrast, high amounts of active VWF could be determined in the plasmas of the VWD type 2B patients, as illustrated by the strongly increased absorbance values (Fig. 6A) . The mean slope of was calculated to be 8.4±4.5 (n=10), a 12-fold increase compared to normal individuals (p=0.0006) (Fig. 6B) . Thus, this assay indeed seems to be useful to analyze the presence of active VWF in plasma of patients.
Correlation between VWF activation and platelet count
Interestingly, the activation factor determined for VWF in plasma of VWD type 2B patients, varied considerably (1.95 -14.0). This variation was not found in plasma of normal individuals (0.57 -0.83). VWF containing type 2B mutations binds spontaneously to platelets, leading to enhanced clearance of both platelets and VWF. We therefore considered the possibility that the relative activation of VWF in circulation influenced the formation of platelet-VWF complexes. To address this question, we plotted the platelet counts obtained from the blood taken to prepare the plasma samples versus the corresponding activation factor of these plasmas. A strong inverse correlation was found between these parameters (Fig. 6C, p<0 .003, R 2 =0.7401).
Detection of active VWF in plasma of TTP patients
A second group of patients that was analyzed for the presence of active VWF in their plasma were patients lacking ADAMTS-13 activity, which was clinically manifested as TTP. Two groups could be distinguished: one group was defined as patients having a congenital deficiency of ADAMTS-13 (n=5), whereas a second group had an acquired deficiency of ADAMTS-13 (n=12). Compared to the group of normal individuals (see above), patients having acquired ADAMTS-13 deficiency appeared to have increased levels of active VWF in their plasma (Fig. 7A ). The mean slope was calculated to be 1.52±0.40, which is 2-fold higher compared to the group of normal individuals (p<0.0001, Fig. 7B ). Also the patients with congenital ADAMTS-13 deficiency contained active VWF in their plasma (Fig. 7C) . Interestingly, the amount of active VWF (slope=5.85 ± 3.3) was increased 8-fold compared to the normal individuals (p<0.03), but also 4-fold compared to the acquired ADAMTS-13-deficient patients (p<0.05, Fig.   7D ). Moreover, no overlap in slope values was observed between each of the normal individuals and the two patient groups. This suggests that the assay may be useful for the diagnosis of ADAMTS-13 deficiency in that it allows rapid distinguishing between acquired and congenital TTP.
Discussion
During the adhesion of platelets to the injured vessel wall, VWF functions as a molecular bridge between the exposed subendothelial matrix and the GpIb-IX-V complex. For the interaction between GpIbα and the A1 domain of VWF, the latter requires a conversion from its resting state into a GpIbα-binding conformation. Under several pathological conditions, such as VWD type 2B and TTP, VWF is forced into its GpIbα-binding conformation leading to undesired, spontaneous interactions between VWF and platelets, a process that is often manifested via thrombocytopenia. Here, we describe a recombinant llama-derived antibody fragment that is able to distinguish between the resting and GpIbα-binding state of VWF. In addition, we show that this nanobody can be applied in the detection of such activated VWF in the plasma of different patient groups.
Fuctional properties of nanobody AU/VWFa-11
Llamas produce a substantial part of their functional immunoglobulins as homodimers of heavy chains, so called nanobodies. By using a phage-display approach, we have been able to isolate a nanobody (ie. AU/VWFa-11) that recognizes VWF in its GpIbα-binding conformation but not VWF in its soluble, resting state ( Fig. 1 ). Since our selection strategy included the isolated A1 domain of VWF, it is obvious that this nanobody is directed against this region of the molecule. Interestingly, AU/VWFa-11 displayed distinct interactions with the various recombinant A1 domain variants (Fig. 2) . First, the A1 domain variant with short flanking regions (VWF/A1(1261-1468)) was more efficient in binding to this nanobody compared to its counterpart with longer flanking regions (VWF /A1(1238-1481) ). This suggests that the N-and C-terminal regions of the A1 domain may play a role in the exposure of the binding site for AU/VWFa-11. It is of interest to mention that these flanking regions also modulate the interaction between VWF and GpIbα (Nakayama et al 33 ). Binding of VWF/A1(1261-1468) to AU/VWFa-11 was even more increased upon the introduction of a type 2B mutation (R1306Q). This mutation also induces spontaneous binding between VWF and GpIbα. 24 Comparison of the various crystal structures revealed that the R1306Q replacement results in a number of conformation changes within the A1 domain, which may be responsible for improved
For personal use only. on August 31, 2017. by guest www.bloodjournal.org From GpIbα binding. 34 It seems conceivable that these changes also promote binding of nanobody AU/VWFa-11. In view of the similarities between this nanobody and GpIbα in their interaction with VWF, one would expect that both proteins share a similar binding site. Surprisingly, GpIbα and AU/VWFa-11 can interact simultaneously with VWF (Fig.   3A ). Moreover, nanobody AU/VWFa-11 is unable to interfere with the interaction between VWF and GpIbα (Figs 3B and 4) . Thus, this nanobody and GpIbα seem to recognize different regions within the A1 domain, suggesting that changes in conformation upon activation of the A1 domain are not limited to the GpIbα binding site. At present, studies are in progress to define the epitope of AU/VWFa-11 in more detail.
Application of AU/VWFa-11 in the detection of active VWF in plasma of patients
Measurement of active VWF in plasma is currently assessed in an indirect manner by monitoring platelet-aggregation in the presence of various concentrations of ristocetin.
The unique properties of our nanobody allow the direct detection of active VWF in plasma, even under conditions of low antigen levels and/or VWF. This makes the immunosorbent assay suitable to analyze the presence of active VWF in the plasma of patients suffering pathological conditions associated with reduced platelet numbers. In an initial attempt, we applied our assay to compare the presence of active VWF in healthy individuals and patients diagnosed as VWF type 2B or TTP. Plasma of healthy individuals showed only little binding of VWF to immobilized AU/VWFa-11 ( Fig. 6) , confirming that the majority of the circulating VWF is in a non-binding conformation. Some residual binding was found, indicating that even under physiological conditions a minor proportion of the VWF molecules could circulate in an activated conformation. Alternatively, some activation might have been introduced as a result of blood sampling and plasma preparation. An interesting issue in this regard is whether or not the introduction of the conformation changes is a reversible phenomenon. Unfortunately, our data do not distinguish between both possibilities, and further studies are therefore required.
Compared to the plasma of healthy individuals, increased amounts of active VWF were present in the plasma of patients with VWD type 2B or TTP ( Fig. 6 and 7) . Although phenotypically distinct, both diseases are characterized by thrombocytopenia, caused by
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Interestingly, when we incubated AU/VWFa-11 with plasma from congenital TTP patients, we found that the amount of activated VWF was not only significantly elevated compared to normal individuals, but also compared to acquired TTP patients. Plasma samples of patients with acquired TTP were collected upon admission into hospital, before treatment with plasma exchange. At this time, a substantial part of the activated VWF is most likely present in the platelet-rich thrombi found in the microvasculature. This could explain the differences in levels of activated VWF between acquired and congenital TTP. On the other hand, the different molecular background of acquired and congenital TTP could also account for the difference in activation of VWF. Although further studies have to be performed, the AU/VWFa-11 immunosorbent assay seems to have the potential to distinguish between acquired and congenital TTP.
In summary, we introduce a novel antibody fragment that is able to discriminate between the resting and activated state of VWF, and application of this nanobody enables us to detect activated VWF in plasma. As a consequence, this assay may be of particular interest to investigate the contribution of VWF to the pathogenesis of various vascular diseases that are characterized by thrombocytopenia. For personal use only. on August 31, 2017. by guest www.bloodjournal.org From 5A: Microtiter wells were coated overnight at 37°C with AU/VWFa-11 (5 µg/ml in 50mM NaHCO 3 , pH 9.6) and blocked 30 min at 37°C with 3% BSA, 0.1% Tween-20 in PBS. After washing, microtiter wells were incubated with medium containing different concentrations of wt-VWF (squares, triangles) or VWF/R1306Q (circles) (0-3.7 nM). Binding was allowed for 1 h at 37°C in the absence of modulators (closed squares and circles), or in the for patient 1 and 2 from figure A. The activation factor found for VWD type 2B patients was significantly higher than for the normal individuals (p<0.001). Data represent the mean ± SD. C: The activation factor calculated for 9 VWD type 2B patients was plotted against the thrombocyte counts in these samples and a correlation was found to be significant (p<0.003, R 2 =0.7401). Plasma was diluted before incubation to obtain a concentration range of VWF (0.23-0.93 nM). Bound VWF was monitored with HRP-conjugated anti-VWF antibody. The amount of VWF in the diluted sample was plotted against the HRP activity (OD490nm). Slopes were calculated and the slope found for NPP was set to be 1. Arrows indicate the slopes found for a patient suffering from acquired TTP (1) or congenital TTP (2) B/D: The activation factor was calculated and plotted in a scatter plot. Arrows indicate the values found for the patients plotted in figure A and C. Activation factors found for acquired and congenital TTP were significantly higher than for the normal individuals (acquired TTP vs. normal: p<0.0001 and congenital TTP vs. normal p<0.03). The activation factor found for congenital TTP was also significantly elevated when compared to acquired TTP (p<0.05). Data represent the mean ± SD.
